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Abstract
Aims Tropical tree and lianas in the understory are
limited by soil nutrients despite growing in extremely
low light. It is not known if nomadic vines are also
limited by nutrients in low light conditions.
Methods We measured differences in root architecture
and mycorrhizal colonization, and leaf nutrients of a
nomadic vine, Philodendron fragrantissimum
(Araceae), in nitrogen (N) and phosphorus (P) fertiliza-
tion plots in a lowland tropical moist forest in central
Panama to measure potential nutrient limitation.
Results Relative to plants in control plots, leaf P con-
centration was 54% higher and leaf N concentration was
10% higher for plants in the P- and N-addition treat-
ments, respectively. The N:P of leaves suggested P-
limitation in the N-addition treatment and the control
but not in the P-addition treatment. Root branching was
highest in the P-addition treatment, and P-addition re-
duced mycorrhizal colonization.
Conclusions The large effect of P fertilization suggests
that, like many tropical plants, P. fragrantissimum has
the potential to be P-limited. Although further study is
needed, we suggest that nomadic vines be added to the
growth forms that respond to nutrient addition in the
forest understory and conclude that nutrient-limitation
seems like the rule rather than the exception in the light-
limited understory.
Keywords Barro ColoradoNatureMonument .
Fertilization . Nitrogen . Nomadic vine . Philodendron
fragrantissimum . Phosphorus
Introduction
The availability of light is thought to be the most limit-
ing resource to plants in the understory of tropical
forests (Coomes and Grubb 2000). The severity of light
limitation in the understory (0.4–3.8% transmission,
Chazdon and Fetcher 1984) is thought to prevent plants
from responding to increases in other resources, such as
soil nutrients (Hättenschwiler 2002), in accord with
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Liebig’s law of the minimum that only one resource can
be limiting at any time. However, fertilization studies
have shown that terrestrial plant growth and reproduc-
tion are often limited by the availability of nutrients
(Tripler et al. 2006; Elser et al. 2007; LeBauer and
Treseder 2008). Some tropical tree and liana seedlings
have responded to added nutrients by increasing their
growth even when growing in forest understory condi-
tions (<1% full sunlight) (Burslem et al. 1996; Vitousek
and Farrington 1997; Hättenschwiler 2002; Santiago
et al. 2012). Leaf N and P stoichiometry can also indi-
cate nutrient limitation (Güsewell 2004; Elser et al.
2007). N:P ratios have been found to correlate negative-
ly with growth rate across terrestrial and aquatic primary
producers (Nielsen et al. 1996), and N:P ratios of un-
derstory tree leaves >1 yr. old can indicate changed soil
nutrient availability with fertilization in tropical forests
(Mo et al. 2015). Thus, plants in the understory of
tropical forests may be limited by multiple resources
as measured by their changes in growth, reproduction,
or leaf stoichiometry (Bloom et al. 1985).
Nomadic vines germinate on the forest floor, climb
into the canopy on a host tree in search of light, and
eventually lose parts of their stem while maintaining a
terrestrial root connection as they ascend a host tree
(Moffett 2000; Zotz 2013). Nomadic vines differ from
lianas, which are woody vines that maintain their stem
and root connection as they ascend their host tree
(Schnitzer and Bongers 2002). Many aroids (Araceae)
are nomadic vines including many species in the genera
Philodendron and Monstera (Williams-Linera and Law-
ton 1995) as well as some ferns in the Hymenophyllaceae
(Dubuisson et al. 2011). Nomadic vines are an important
and unique component of tropical forests; they compose
72% of individuals and 35% of vascular epiphyte species
in lowland moist forests in Panama (Woods and DeWalt
2013), yet little is known about how nomadic vines
respond to variation in soil nutrients. Their responses to
patches of higher nutrient availability are likely larger
than in other tropical plant groups because of their highly
plastic growth form; nomadic vines exhibit remarkable
flexibility in response to light availability (Strong and
Ray 1975; Balcázar-Vargas et al. 2012). In fact, the dim
light of the understory is thought to be the evolutionary
driver of the nomadic life history (Putz and Holbrook
1986).Monstera gigantean (Araceae), for example, finds
hosts by growing towards the darkness of a tree silhouette
(Strong and Ray 1975), and Heteropsis spp. (Araceae)
have a highly flexible and random searching strategy to
find a host tree (Balcázar-Vargas et al. 2012). For nomad-
ic vines in the understory, the availability of soil nutrients
might elicit a plastic response to acquire nutrients just as
the availability of light elicits plastic shoot responses
(Strong and Ray 1975; Balcázar-Vargas et al. 2012).
One way in which nomadic vines might exhibit high-
ly plastic responses to heterogeneous supplies of nutri-
ents in the soil is in their root systems. Plant roots use
chemotropism to detect patches of nutrients in hetero-
geneous soils and will often have a high degree of lateral
root proliferation in patches of high nutrient supply
(Drew and Saker 1978; van Vuuren et al. 1996; Wang
et al. 2006). Smaller diameter roots have a greater up-
take capacity than larger roots (Eissenstat and Yanai
1997), and the number of small and fine roots are often
greater in patches of high nutrient availability, which
increases uptake of limiting nutrients (Drew and Saker
1978; Robinson and Rorison 1983; Fitter 1985; Farley
and Fitter 1999). Root proliferation, root branching, and
increases in the number of small roots should be highest
in patches where P availability is high because P forms
complexes with cations and readily adsorbs to soil
(Chapin III 1980; Lambers et al. 2008). In lowland
tropical forests in southern China, for example, fine-
root biomass increased with P-addition (Zhu et al.
2013). Root proliferation is less important for acquisi-
tion of highly mobile nutrients such as nitrogen in the
form of nitrate (NO3
−) because mobile nutrients will
move down the diffusion gradient towards the rhizo-
sphere created by root uptake (Chapin III 1980;
Lambers et al. 2008; Marschner 2012). Plants may
invest in mycorrhizal associations in response to poor
soil nutrient availability, particularly of P (Chapin III
1980; Marschner and Dell 1994; Clark and Zeto 2000;
Fitter et al. 2002). Plant root proliferation may be un-
necessary when roots are colonized by mycorrhizal
fungi because mycorrhizal hyphae are less expensive
to the plant than growing roots (Fitter 1991; Tibbet
2000). Thus, plant roots may indicate variations in a
plant’s response to increased nutrient addition, even in
light-limited areas.
In this study, we examined variation in nutrient ac-
quisition by one species of a nomadic vine in the shaded
understory of lowland moist tropical forest in central
Panama. We used a long-running N and P fertilization
experiment to test several predictions about how Philo-
dendron fragrantissimum (Hook.) G. Don. (Araceae)
would respond to nutrient addition even while being
light-limited. We predicted:
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1. P. fragrantissimum would, like many trees, show
higher leaf nutrient concentrations in plots where N
and P have been added for the past 11 years as a
result of greater nutrient availability.
2. P. fragrantissimum would show similar nutrient
acquisition strategies as trees including greater
root-branching and a greater proportion of small
roots in the P-addition plots but less root-
branching in the N-addition plots compared to
controls.
3. Mycorrhizal colonization would be negatively as-
sociated with greater leaf P content, irrespective of
treatment, because plants would only invest in my-
corrhizal fungi if they were nutrient limited, and
mycorrhizae are effective at scavenging P (Clark
and Zeto 2000; Fitter et al. 2002; Treseder 2004).
While we did not measure growth or biomass of
plants to directly test if the plants were nutrient limited,
we used static variables, such as leaf nutrient concentra-
tions, leaf stoichiometry, root structure, and mycorrhizal
colonization that measure the potential response of
P. fragrantissimum to fertilization.
Materials and methods
Study site The Gigante Fertilization Plots (GFP) are
located in a 38.4 ha plot (9°06′31″N, 79°50′37″W) in
the Barro Colorado Nature Monument in the Republic
of Panama (Yavitt et al. 2009; Yavitt et al. 2011;
Wright et al. 2011). Tropical moist forests cover the
BCNM. Annual rainfall averages approximately
2600 mm, with just 10% falling during a 4-months
dry season between December and April (Holdridge
and Budowski 1956). The tree composition and stat-
ure at this site is indicative of very old (>200 yr)
secondary forest (Wright et al. 2011). The mean
(±SE) canopy openness of the understory in the GFP
is 4.9% (±0.7%) (Santiago et al. 2012). Soils in the
GFP transition from Oxisols (Typic Hapludox in Soil
Taxonomy; Soil Staff Survey 1999) in the upper
northeast corner to poorly drained Inceptisols (Aeric
Epiaquepts) in the southwest corner (B. L. Turner,
unpublished data). The underlying bedrock is Mio-
cene basalt (Stewart et al. 1980).
Plant-available soil nutrient concentrations in the
control plots are infertile relative to most forest soils in
central Panama as the concentration of exchangeable
phosphate and potassium are both quite low (<1 mg P
kg−1 and 103 mg K kg−1; Condit et al. 2013; Turner
et al. 2013). The addition of N and P increased the
concentrations of plant available forms of N and P in
the soil; each added nutrient increased plant tissue con-
centrations of that nutrient; K addition decreased fine
root biomass and increased rates of seedling growth,
fine root turnover and decomposition; P addition in-
creased fine litter production and decomposition; com-
bined N and P addition increased seedling growth rates;
and combined N and K addition ameliorated declining
tree growth rates (Kaspari et al. 2008; Yavitt et al. 2011;
Wright et al. 2011; Santiago et al. 2012; Turner et al.
2013; Mayor et al. 2014). After 15 years of fertilization,
tree growth rates had not responded to fertilization,
possibly because 47% of the individual trees in the
GFP are from species strongly associated with P-poor
soils (Wright et al. 2018), and species adapted to low
resource soils often have a limited potential to respond
to increases in resources (Coley et al. 1985). However,
after 15 years of fertilization, there was still an increase
in foliar nutrients, an increase in fine litter production,
and an increase in litter nutrient concentration with N
and P addition. Thus, nutrients limit plants in these
tropical soils.
For our study, we used three replicate plots of each of
three treatments: control (no nutrient addition), nitrogen
(N addition only), and phosphorus (P addition only).
These plots were a subset of the plots in the Gigante
Fertilization Project that included four replicate plots of
a full factorial nitrogen-phosphorus-potassium (NPK)
experiment (Yavitt et al. 2009; Yavitt et al. 2011;
Wright et al. 2011). We only sampled individuals from
three replicate plots of N and P (rather than all of the
available fertilization plots) because P. fragrantissimum
was found only in these plots.
Beginning in 1998, fertilizer was added in each plot
by hand in four equal doses in each wet season with 6–
8 weeks between applications. Nitrogen was added as
coated urea ((NH4)2CO) at a dose of 125 kg ha
−1 yr.−1,
and phosphorus was added as triple superphosphate
(Ca(H2PO4)2
.H2O) at 50 kg ha
−1 yr.−1 (Yavitt et al.
2011; Wright et al. 2011). The N and P additions equal
69 and 470%, respectively, of annual inputs from fine
litter at a nearby site (3 km away; Yavitt et al. 2004).
Adding a high concentration of P relative to litter inputs
is standard in tropical nutrient-addition experiments
(Tanner et al. 1992;Mirmanto et al. 1999) because many
soils, including those in the GFP, sequester large
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amounts of added P in forms that are inaccessible to
plants (Yavitt et al. 2011; Mirabello et al. 2013).
Soil samples were collected from every plot in the
factorial experiment monthly for 1 year from November
2006 to November 2007 (Turner et al. 2013). Added N
significantly increased concentrations of soil K2SO4-ex-
tractable NO3 relative to control plots by 2-fold and
acidified the soil by 0.8 pH units (Yavitt et al. 2011;
Turner et al. 2013); the average available NO3 was
8.19 ± 1.18 mg N kg−1 in control plots and 18.2 ±
1.22 mg N kg−1 in N-addition plots (Turner et al.
2013). Added P increased concentrations of Mehlich-
PO4, plant-available inorganic and organic P, and inor-
ganic and organic P bound to iron and aluminum (Yavitt
et al. 2011; Turner et al. 2013); average Mehlich P
concentration was 0.57 ± 0.02 mg P kg−1 in control plots
and 16.72 ± 1.87 mg P kg−1 in P-addition plots (Turner
et al. 2013). The increase in organic P indicates that some
of the added P was incorporated into plant material and
returned to the soil through dead plant material, thereby
contributing to plant-soil cycling (Yavitt et al. 2011).
Philodendron fragrantissimum (Hook.) G. Don was
the most common nomadic vine in the GFP and was the
only nomadic vine abundant enough in the plots to
enable replication. From each plot, we sampled five
replicate individuals of P. fragrantissimum. (Araceae;
hereafter Philodendron) in July 2009, 11 years after the
fertilization experiment began. For each individual, we
sampled a fully expanded leaf without evidence of
epiphylls or damage and one well-developed root. For
the root sample, we followed one of the main roots
originating from the plant into the terrestrial soil and
dug up the soil around the root so as not to damage the
root and its lateral roots before collection. To control for
potential effects of age and size of plants as well as
environmental variation, all individual plants were in
the understory, were of similar size, and were collected
from within 4–5 m from the forest floor on a host tree in
similar forest (e.g., no samples were taken from plants
next to a gap, trail or stream). Leaf samples were dried
and shipped to Colgate University for nutrient analyses.
Root samples were stored in 95% ethanol and shipped to
Clemson University for root analyses.
Leaf and root analyses Leaf samples were ground using
a Wiley Mill (Thomas Scientific, Swedesboro, NJ) and
passed through a #40 screen. Total carbon (C) and N
were determined on a Costech Analytical Elemental
Analyzer (Valencia, California) in the Geology
Department at Colgate University. Total P was mea-
sured using an ash digestion (Jones and Case 1996)
followed by colorimetric determination of ortho-
phosphate using the microscale malachite green method
(D’Angelo et al. 2001). We calculated the carbon-to-
nitrogen ratio (C:N), carbon-to-phosphorus ratio (C:P),
and nitrogen-to-phosphorus ratio (N:P). These ratios are
commonly used to assess particular nutrient limitations.
For example, in epiphytic tank bromeliads, N:P ratios
>12 indicate P limitation (Wanek and Zotz 2011) and
N:P ratios >20 can indicate P-limited biomass produc-
tion (Güsewell 2004).
Root branching and the proportion of total root length
comprised of fine roots (i.e., <0.6 mm diameter) were
measured using WinRHIZO ver.2003b (Regent Instru-
ments, Quebec, Canada) (Arsenault et al. 1995). Root
samples were placed in a Plexiglas tray in 3–4 mm of
water, untangled to minimize root-overlap, and scanned.
Our size limit for fine roots was similar to other studies
(<0.5 mm, Jackson et al. 1990; <2.0 mm, Yavitt et al.
2011), and was defined as those that are most likely
involved in nutrient absorption than nutrient transport
rather than just being defined by diameter alone
(McCormack et al. 2015).
Three subsamples of each root were rinsed in DI
water and mounted in biopsy cassettes to score for
mycorrhizal colonization. Roots were cleared in 10%
potassium hydroxide for 72–96 h at 70 °C and then
rinsed three times with deionized water. Roots were then
stained with trypan blue (Koske and Gemma 1989) for
20 min, destained in a 50% glycerol (v: v) solution for
48 h, and mounted on slides. The degree of colonization
of roots by mycorrhizal hyphae, vesicles and arbuscules
was estimated using the magnified intersection method
at 200× magnification (McGonigle et al. 1990). Fifty
intersections were used per slide. Colonization rates
were calculated as the number of positive intersections
of each fungal material divided by the total number of
intersections per slide (i.e. 50). Colonization rates for
each root sample were calculated as the average of each
of three slides.
Statistical analyses We used analyses of variance
(ANOVA) followed by Tukey HSD tests to examine
differences in leaf nutrient concentration per unit mass
(N, P, C:N, C:P, and N:P), root architecture (root tips/
unit length and proportion of fine roots), and % root
colonization by mycorrhizal fungi (using hyphal, vesic-
ular, and arbuscular values separately) among the
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control and N- and P-fertilized plots. For the leaf P
concentration analyses (leaf P, N:P, and C:P), two data
points were removed as outliers to reach normality
assumptions. For the root architecture analyses, three
root samples were destroyed in the lab and, therefore,
unusable in the WinRhizo analysis. We used correlation
to examine the relationship between % mycorrhizal
colonization and leaf nutrient concentration per unit
mass (N, P, C:N, C:P, and N:P). We used the aov
function in the stats package in R v.3.0.1 for all statisti-
cal analyses (R Development Core Team 2009).
Results
Philodendron had significantly higher leaf N concentra-
tion (F2,44 = 8.02, P = 0.001) and higher leaf P concen-
tration (F2,42 = 15.65, P < 0.001) in N- and P-addition
treatments relative to the control treatment, respectively
(Fig. 1). Leaf N concentration was 10% greater in the N-
addition treatment than the control, and leaf P concen-
tration was 54% greater in the P-addition treatment than
the control (Fig. 1). Leaf C:Nwas significantly higher in
the P-addition treatment relative to the N-addition treat-
ment but neither were significantly different from the
control (Fig. 2a; F2,44 = 7.74, P = 0.001). Fertilization
treatment significantly influenced leaf C:P (F2,42 = 7.65,
P = 0.002) and leaf N:P (F2,42 = 9.41, P < 0.001); both
leaf C:P and leaf N:P were lower in the P-addition
treatments relative to the N-addition treatments and the
control (Fig. 2). Leaf N:P in the P-addition treatment
(10.8 ± 0.4) was 104% lower than in the N-addition
treatment (22.1 ± 2.4) and 86% lower than in the control
(20.1 ± 2.3; Fig. 2).
Root branching was significantly affected by fertili-
zation treatment as the number of root tips/length
(Fig. 3a, F2,41 = 4.24, P = 0.02) and the proportion of
fine roots (<0.6 mm) (Fig. 3b, F2,41 = 3.96, P = 0.03)
were higher in the P-addition treatments compared to
the control. Root branching and the proportion of fine
roots were not influenced by N fertilization (Fig. 3).
Using hyphae as a measure of mycorrhizal coloniza-
tion, there were no significant differences in % mycor-
rhizal colonization of Philodendron roots across fertili-
zation treatments (F2,44 = 0.58, P = 0.6), nor did it vary
with N concentration of leaves (Fig. 4a; r = 0.11, df =
45, P = 0.5) or leaf C:N (r = −0.08, df = 45, P = 0.6).
However, % mycorrhizal colonization was significantly
negatively correlated with leaf P concentration (Fig. 4b;
r = −0.30, df = 43, P = 0.05) and positively correlated
with leaf C:P (r = 0.35, df = 43, P = 0.02) and leaf N:P
(r = 0.32, df = 43, P = 0.03). The results for vesicular
and arbuscular colonization were similar to those for
hyphal colonization and therefore are not shown.
Discussion
Differences in root morphology and mycorrhizal col-
onization among treatments suggest that the nutrient
acquisition strategy of the nomadic vine Philodendron
fragrantissimum differs with nutrient availability
even in the shaded conditions of the tropical forest
understory. Leaf nutrient concentration also showed a
response to fertilization. Leaf N concentration was
Fig. 1 Mean (±SE) foliar nutrient
concentration per unit mass
(Nmass and Pmass) ofPhilodendron
fragrantissimum from control and
fertilization plots. Five individual
plants were collected from three
replicate unfertilized, control
plots and plots fertilized with
nitrogen and phosphorus in the
Gigante Fertilization Project in
central Panama. Different letters
denote significant differences
among treatments according to a
Tukey’s HSD test (P < 0.05)
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10% higher and leaf P concentration was 54% higher
in the plots fertilized with N and P, respectively, than
the control treatment. Furthermore, leaf N:P in the N-
addition and control plots was indicative of P-
limitation (>20) while leaf N:P in the P-addition treat-
ment was not (~10; Güsewell 2004; Elser et al. 2007;
Wanek and Zotz 2011). These results are similar to
those found for trees and tree seedlings in seven dif-
ferent tropical fertilization experiments whereby foli-
ar nutrients of at least one nutrient increased signifi-
cantly with nutrient addition (Wright et al. 2018), and
N:P ratios of understory tree leaves varied with soil
nutrient availability (Mo et al. 2015). A nomadic vine,
therefore, exhibited a similar response to nutrient ad-
dition as tropical trees and tropical tree seedlings
growing either in high light (e.g., trees) or in the
deeply shaded understory (e.g., tree seedlings) (Mo
et al. 2015; Wright et al. 2018). While we did not
measure growth or biomass of Philodendron, our stat-
ic measures suggest that Philodendron has the poten-
tial to be nutrient-limited. Thus, limitation by multiple
resources seems to be the case for several plant
lifeforms.
Fig. 2 Mean (±SE) foliar stoichiometry of Philodendron
fragrantissimum from control and fertilization plots (C:N in (a),
C:P in (b), and N:P in (c)). Five individual plants were collected
from three replicate unfertilized, control plots and plots fertilized
with nitrogen and phosphorus in the Gigante Fertilization Project
in central Panama. Different letters denote significant differences
among treatments according to a Tukey’s HSD test (P < 0.05)
Fig. 3 Mean (±SE) root branching (root tips / length of root; (a))
and the proportion of small roots (<0.6 mm diameter; (b)) of
Philodendron fragrantissimum from control and fertilization plots.
Five individual plants were collected from three replicate unfertil-
ized, control plots and plots fertilized with nitrogen and phospho-
rus in the Gigante Fertilization Project in central Panama. Different
letters denote significant differences among treatments according
to a Tukey’s HSD test (P < 0.05)
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We found that root architecture was influenced more
by P- than N-fertilization. Philodendron growing in the P-
addition treatment had greater root branching and a greater
proportion of fine roots than in the control. In Hawaiian
montane forests and Amazonian lowland forests, the
availability of P had a larger effect on root dynamics than
did the availability of N (Cuevas and Medina 1988;
Ostertag 2001). In the GFP plots in our study, P is pre-
dominantly in its immobile form of PO4
3− (Yavitt et al.
2009). Thus, an increase in uptake rates and root growth
and branching, particularly of fine roots, would increase P
acquisition (Drew 1975; Hodge 2004) and could explain
the higher leaf P concentrations of Philodendron in the P-
fertilized plots. Our results are contrary to what was found
at the GFP as NP addition and K addition reduced stand-
ing fine root biomass in one study (Wurzburger and
Wright 2015) and K addition reduced biomass and in-
creased turnover of fine roots in another study (Yavitt et al.
2011). The increase in fine roots with P addition in our
study could indicate that P-addition did not mitigate P
limitation forPhilodendron, that the roots in the P addition
plots are short-lived and maximize resource acquisition
(i.e., have low tissue density; Wurzburger and Wright
2015), or that other factors, such as the availability of
water, influence root structure more than nutrients as
suggested by Wurzburger and Wright (2015). Root struc-
ture was not influenced by N addition, but Philodendron
leaf N content was higher in the N-addition treatment. N is
predominantly in its oxidized andmobile form of NO3
− in
these tropical soils (Yavitt et al. 2009). The most efficient
N-acquisition strategy for plants in NO3
−-dominated soils
is to maintain a strong diffusional gradient towards the
root system by increasing root uptake of NO3
− per unit
root length rather than increasing root growth, which is
more costly (Marschner 2012). It appears that the nutrient
acquisition strategy of Philodendron in this study varied
with soil conditions in a way that would increase nutrient
acquisition but minimize energy costs.
We found that Philodendron plants with higher leaf P
concentrations had lower degrees of mycorrhizal colo-
nization. This is contrary to what was found for fine
roots across the GFP, which showed a modest increase
in mycorrhizal colonization of 8% with P fertilization
(Wurzburger andWright 2015).Wurzburger andWright
(2015) were surprised by the increase in mycorrhizal
colonization with P fertilization because P addition has
decreased mycorrhizal colonization across many sites
(Treseder 2004), and suggest that fertilization may have
shifted the fungal community from symbiotic to para-
sitic. Our results are similar to what was found in seven
of the most common tree species at the GFP where P
addition reduced mycorrhizal colonization of their roots
(Sheldrake et al. 2017). It is also similar to what was
found for lianas; lianas invest more in root branching
and have lower mycorrhizal colonization than trees
indicating that lianas may be less reliant on mycorrhizae
for resource acquisition than trees (Collins et al. 2016).
Like lianas, Philodendron may suppress mycorrhizal
colonization in order to invest more energy in fine root
production to acquire P. The degree of mycorrhizal
colonization with P addition might have been reduced
because mycorrhizal abundance decreased. Across
many ecosystems and in the GFP, experimental
Fig. 4 Differences in percent AM mycorrhizal colonization of
roots with leaf nitrogen concentration per unit mass (Nmass; (a))
and leaf phosphorus concentration per unit mass (Pmass; (b)) of
Philodendron fragrantissimum within unfertilized, control plots
(white circles) and plots fertilized with nitrogen (gray circles) and
phosphorus (black circles) in the Gigante Fertilization Project in
central Panama. The solid line denotes the significant correlation
(r = −0.30, P = 0.05)
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phosphorus addition reduced the abundance of AM
fungi (Treseder 2004; Sheldrake et al. 2017). We found
no relationship between the degree of mycorrhizal col-
onization and leaf N concentration and no difference in
mycorrhizal colonization between N-addition plots and
control plots. Philodendron likely does not associate
with mycorrhizae to increase nutrient acquisition of N
or is not N-limited and doesn’t require mycorrhizae to
acquire N.
The higher leaf P concentration, smaller C:P and N:P,
and greater root branching in the P-addition treatment
relative to the control suggests that Philodendron has the
potential to be P-limited in these soils. The increase in
leaf P concentration could also indicate luxury consump-
tion (Chapin III 1980); thus future research could exam-
ine whether the higher leaf P concentration in Philoden-
dron results in higher growth or reproduction rates. Al-
though leaf N concentration was higher in the N-addition
treatment relative to the control, Philodendron does not
appear to be as limited by N as it is by P given that the
C:N in plant leaves was not significantly different be-
tween the N-addition treatment and the control. The large
and consistent response by tropical plants to P-
fertilization including Philodendron and those at the
GFP site (see Methods: Study site) suggests that P may
limit plant productivity at this site as suggested in previ-
ous studies (Wright et al. 2011; Santiago et al. 2012).
The difference in leaf N concentration in N-addition
plots compared to control plots found in this study
(+10%) was comparable to that of tropical tree seedlings
(11%, Santiago et al. 2012) but the increase in the leaf P
concentration in our study (41%) was much higher than
in tropical tree seedlings (16%, Santiago et al. 2012).
The larger response in Philodendron relative to tropical
trees may be due to differences in growth form. Unlike
trees, nomadic vines don’t invest much energy in
supporting structures (Bigelow 1993). In this way, they
are more like lianas, which maximize growth by
investing in both above- and below-ground structures
for resource acquisition at the expense of supporting
structures (Collins et al. 2016). The increased invest-
ment by lianas to resource acquisition structures relative
to support structures has resulted in lianas out-
performing trees in various scenarios. For example, in
forest gaps, lianas can limit tree growth through below-
ground competition (Schnitzer et al. 2005; Toledo-
Aceves and Swaine 2008), and liana seedlings can out-
perform tree seedlings in the understory regardless of
soil nutrient status (Pasquini et al. 2015). Thus, given its
similar strategy to lianas, Philodendron could have a
higher growth rate with P addition and potentially has a
greater efficiency at acquiring soil P than tree seedlings.
How fertilization may influence the growth rate or
growth strategy of nomadic vines has yet to be tested but
could be influenced by their host trees if their host trees
had an increase in foliar nutrients or an increase in litter
production, both of which were seen at the GFP (Wright
et al. 2011; Sayer et al. 2012). An increase in foliar
nutrients could increase leaching of those nutrients in
throughfall or stemflow, which could increase nutrient
supply to dependent plants, as seen for epiphyte com-
munities in montane forest in Kauai (Benner and
Vitousek 2007). The growth form of many aroids is
such that they trap litter in their leaves (Benzing 1990).
Thus, an increase in litter production and nutrients in
that litter could increase the amount of nutrients avail-
able for dependent plants, such as lianas, epiphytes, and
nomadic vines. If the increase in leaf P concentrations in
Philodendron are indicative of increased growth rates
and not solely luxury consumption, as seen in some
epiphytes (Winkler and Zotz 2009), it could increase
the rate at which nomadic vines find and grow up host
trees.
In conclusion, we found that soil nutrient composi-
tion and status influenced the nutrient acquisition strat-
egy of a nomadic vine in light-limiting conditions of the
deeply shaded understory. Philodendron plants in the P-
addition treatment exhibited an increase in root growth
relative to the control with 28% more root tips/length, a
decrease in mycorrhizal colonization, and an increase in
leaf P concentration. The large influence of P fertiliza-
tion suggests that, like many tropical plants, Philoden-
dron has the potential to be P-limited. Our results sup-
port the findings found for other understory plants in
tropical forests and suggest that nomadic vines have the
potential to be limited by multiple nutrients while in the
understory under severe light limitation (Bloom et al.
1985).
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